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ABSTRACT 

gd431 
Thermal-conduc tivity and e lec t r ica l - re  s is t ivi ty  measu remen t s  w e r e  made  on two 

Type 3 16 s ta in less  s t ee l  spec imens  f r o m  different hea ts .  
t he re  is no significant difference between the two spec imens  except a t  800 F, where  the 
data  suggest  a solid-state react ion.  
17.0 Btu hr'lft''ft OR-' over  the tempera ture  r ange  0 to 1800 F. Over  the s a m e  tem- 

Within exper imenta l  e r r o r  

Thermal-conductivity values  range f r o m  7.43 to 

p e r a t u r e  range  the e lec t r ica l - res i s t iv i ty  values range  f r o m  74 to 120 microhm-cm 

PA 
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THERMAL CONDUCTIVITY AND ELECTRICAL RESISTIVITY 
OF TYPE 316 STAINLESS STEEL FROM 0 TO 1800 F 

J. Matolich, Jr. 

SUMMARY 

Resul t s  of labora tory  determinat ions of the the rma l  conductivity and e lec t r ica l  

T h e r e  is no significant difference between the two specimens 
res i s t iv i ty  of two samples  of Type 316 s ta in less  s t ee l  over  the t empera tu re  range 0 to 
1800 F a r e  presented.  
except  a t  800 F where the data  suggest a solid-state reaction. A difference between the 
spec imens  o c c u r s  a t  this point, p resumed to be  caused by slight differences in  chemica l  
composition. Thermal-conductivity values range f rom 7. 43 to 17. 0 Btu h r - l  ft'2ft OR-' 
f r o m  0 to 1800 F. At low t empera tu res  the observed  data  a r e  essent ia l ly  in  agreement  
with the l i t e ra ture .  At e levated tempera tures  the observed  values a r e  about 11 p e r  cent  
higher  than previously repor ted  data.  E lec t r ica l - res i s t iv i ty  values,  m e a s u r e d  concur- 
renciy wiih LLei-iiiZl zszdarti-:ity, range from 74 to 120 mic rohm-cm over  the s a m e  
t empera tu re  range.  Exper imenta l  values  of t he rma l  conductivity and e l ec t r i ca l  r e s i s -  
t ivity a re  co r re l a t ed  with the Wiedemann-Franx-Lorenz relationship.  

I N  T ROD UC TION 

In many cases ,  when comparing experimental  and theore t ica l  heat- t ransfer  r e su l t s ,  
i t  is n e c e s s a r y  to know the specific thermal  proper t ies  of the m a t e r i a l  under study. 
Since handbook proper ty  values  for  the general  type of m a t e r i a l  used a r e  not sufficiently 
accu ra t e ,  i t  is necessa ry  to de te rmine  the values  of the p rope r t i e s  of importance for  a 
spec imen of the actual  m a t e r i a l  of interest .  
de te rmina t ion  of the var ia t ion of t he rma l  conductivity with t empera tu re  for  two spec imens  
of Type 316 s ta in less  s t ee l  m a t e r i a l  used in a hea t - t ransfer  compar ison  study. 

Th i s  r e p o r t  p re sen t s  the r e su l t s  of the 

Since t h e r m a l  conductivity is a s t ructure-sensi t ive property,  accura te  m e a s u r e -  
m e n t s  a l s o  give data  on s t ruc tu ra l  changes that occur .  
essent ia l ly  the s a m e  alloy give a unique opportunity to examine the prec is ion  of the method 
used in making the thermal-conductivity measurements .  

Also, two determinat ions on 

SPECIMEN DESCRIPTION 

T h e  two Type 316 s ta in less  s t ee l  specimens studied w e r e  machined f rom m a t e r i a l s  

The second specimen,  4A, 
submi t ted  by NASA-Lewis. The f i r s t  specimen, 3A, w a s  labeled 38514-D3571 ( 2 )  and 
w a s  rece ived  in a bar  1-1/2 inches square by 1 2  inches long. 
w a s  labe led  18227-D3571 (4) and was  1-1/4 inches square  by 12 inches long. 

9 A T T E L L E  M E M O R I A L  I N S T I T U T E  
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Data furnished by the ma te r i a l  suppl ier  and other  specimen de ta i l s  a r e  given in 
Table  1. 
t empera tu re  were  made  by Battelle.  
within the allowable range  specif ied f o r  AISI- 316 s ta in less  s tee l .  
3A contained amounts of copper and cobalt that  w e r e  not repor ted  in  Specimen 4A. 
differences in  the chemica l  composition of the two spec imens  a r e  fu r the r  ref lected in the 
significant variation of the mechanical  p rope r t i e s  appearing in  Table 1. 

Additional measu remen t s  of m a t e r i a l  density and e l ec t r i ca l  res i s t iv i ty  a t  r o o m  
The chemica l  composition of the two spec imens  f e l l  

However,  Specimen 
The  

TABLE 1. SPECIMEN DETAILS 

Mater ia l  
Condition 

He a t  Numb e r 
Composition, wt 70 

C 
Mn 
P 
S 
Si 
C r  
Ni 
Mo 
c u  
c o  
Fe(b)  

Yield Strength,  p s i  
Tens i le  Strength, p s i  
Elongation, p e r  cent  
Reduction, pe r  cent  
Hardness ,  Rockwell B 

Density(c) a t  20 C, 

E lec t r i ca l  R e  s is tivity( C )  

g cm-3 

a t  20 C, 
microhm-  c m  

Specimen 3A Specimen 4A 
Stainless  Steel  Type 316 
Hot rolled,  annealvd, and  

38514 18227 
pickled 

0.063 
1.59 
0.023 
0.010 
0.60 

17.45 
12.60 
2.55 
0. 09 
0. 19 

64.83 

80,800 
64 
75 

78-79 

35,200 

0.063 
1. 88 
0.021 
0.014 
0 .54  

17.45 
12.62 
2. 70 
N. R. (a) 
N. R. 

64.71 
38,000 
88,000 

60 
74 
77 

7 .95  7.95 

75 .4  77.4 

(a) None reported. 
(b) Fe WI.  % b y  differences. 
(c) Battelle mensiireiiients; other data from supplier data sheet. 
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1 -  

The machined specimens were  0 .900  f 0.001 inch in  d iameter  by 5.715 f 0.006 
inches long in the measur ing  section and 1. 125 f 0. 003 inches in d iameter  by 3. 375 f 
0.006 inches long in the hea ter  section. 
in the thermal-conductivity apparatus .  
ducted on the spec imens  in the as-received condition. 

The spec imens  were  about ideal  in s ize  for use  
All thermal-property measu remen t s  w e r e  con- 

METHODANDAPPARATUS 

A longitudinal, steady-state comparison method was  used in making the thermal-  
F igu re  1 is a schemat ic  drawing of the appara tus .  conductivity measurements .  

longitudinal, steady-state comparat ive method h a s  been extensively used and is wel l  sui ted 
to m e a s u r e  the rma l  conductivity of meta ls ,  ( l ,  2, 3)* This  method yields  the conductivity 
d i rec t ly  and is ve ry  rel iable  f o r  m e t a l s  f rom cryogenic t empera tu res  to about 1200 C. 
However,  the method r equ i r e s  complex apparatus  and  a long t ime to make  measu remen t s .  

The 

The method, in  br ie f ,  consis ts  of heating one end of a spec imen,  measur ing  the 
t empera tu re  gradients  along the specimen,  and determining the ra te  of heat  flow through 
thP spec imen by means of a meta l  reference ma te r i a l  of known the rma l  conductivity 
a t tached t o  the cold end of the specimen.  Radial  heat  flow into,  o r  away iruiii,  &e s ~ c c i  
men  and r e fe rence -ma te r i a l  assembly  is  minimized by the rma l  insulation and a n  encircl-  
ing guard tube in  which t empera tu res  a t  corresponding leve ls  a r e  adjusted,  as  near ly  as 
possible ,  to  match those in  the specimen and re ference  mater ia l .  The t h e r m a l  insulation 
used  cons is t s  of bubbled alumina,  which fills the annular  space between the spec imen 
r e fe rence -ma te r i a l  assembly  and the guard cyl inder .  
vacuum of approximately 2 x 

The spec imen is protected by a 
T o r r  during the measurements .  

Six 32-gage Chromel-Alumel thermocouples of ca l ibra ted  w i r e  are wedged in  holes  
spaced along the specimen, and three  s imi la r  thermocouples a r e  placed in  the A r m c o  
i ron  used  as the re ference  ma te r i a l .  
may  be r ega rded  as an  independent smal l  specimen.  A thermal-conductivity value is 
calculated for  each section of the specimen bounded by two thermocouples  and is repor ted  
fo r  the m e a n  tempera ture  of that par t icular  sect ion of specimen. 
placement  used h e r e  p e r m i t s  the calculation of five thermal-conductivity values,  each  
a t  a different  mean  tempera ture ,  for each thermal-equi l ibr ium setting. 

Each p a r t  of the specimen between thermocouples  

The thermocouple 

T h e  Bat te l le  thermal-conductivity apparatus  is equipped to make  e lec t r ica l -  
res i s t iv i ty  measu remen t s  concurrent ly  with the thermal-conduc tivity measu remen t s .  
These  da ta  a r e  often useful in interpret ing thermal-conductivity resu l t s .  E lec t r ica l -  
res i s t iv i ty  measu remen t s  a r e  made  by the comparat ive voltage-drop method. A d i r ec t  
c u r r e n t  is pas sed  through the specimen,  and voltage drops  are m e a s u r e d  over  sect ions 
of the specimen.  
t ia l  p robes .  
age  d rop  a c r o s s  a s tandard  r e s i s t o r  i n  s e r i e s  with the specimen. 
taken with the c u r r e n t  flowing in both directions,  and the values  a r e  averaged  to mini- 
m i z e  t h e r m a l  and induced potentials. 

Corresponding l egs  of the spec imen thermocouples  a r e  used as poten- 
C u r r e n t  flowing through the spec imen is determined by measu r ing  the volt- 

Measurements  a r e  

Gene ral ly ,  thermal -  conductivity and ele c t r  i ca l - r  e si s tivity measu remen t s  a r e  made  
in  s teps  f r o m  low to higher  tempera tures ,  a f t e r  which one o r  m o r e  equilibria a r e  obtained 
a t  lower t empera tu res .  

qeferences are given on page 25. 

This  duplication of measu remen t s  is  used as a check on 
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3 / 

4 1  

(1) Vacuum seals 
(2) Top plate 
(3) Hermetic seals for thermo- 

couples and power leads 
(4) Vacuum chamber and guard 
(5) Insulation enclosure 
(6) Si l -0-Cel  insulation 
(7) Guard cooling coils 
(8) Guard balancing heaters 

/I4 (9) Insulation 
(10) K-30 brick 
(11) Connection to vacuum system 
(12) Sink assembly 

/ ' 7  (13) Reference standard 
(14) Specimen 
(15) Thermocouples (4 
(16) Heater block 
(17) Specimen heater 

/ 

/ '3 

/ 15 

/I6 

A-51812 

FIGURE 1. SCHEMATIC DRAWING O F  THE THERMAL- 
CONDUCTIVITY APPARATUS 
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thermocouple  and  spec imen changes which m a y  have taken place during the 5-day mea- 
sur ing  period. (Sections of the specimen have been exposed to a n  individual hea t  treat- 
m-ent that  could induce s t ruc tu ra l  changes. ) 

Auxiliary appara tus  requi red  f o r  the measu remen t s ,  but not shown in F igu re  1, 
is as follows: 

(1) Voltage-regulated power supply for  h e a t e r s  
(2) Constant- temperature  water  supply for  the hea t  sink 
( 3 )  Thermocouple  emf-measuring sys tem 
(4) Regulated air supply for  cooling coi ls .  

Thermocouples  a r e  made  f r o m  previously ca l ibra ted  wire .  A continuous p rogram 
is maintained. of es tabl ishing the values  for  the conductivity of the r e fe rence  

The  heat-flux balance in the specimen-standard a s sembly  may  be wr i t ten  as 

where  

Qo = t rue  hea t  flow through the specimen, Btu h r - l  

k I t he rma l  conductivity, Btu hr - '  f t -2  fto R'l 

A = a r e a ,  ft' 

AT = t empera tu re  difference between adjacent  thermocouples ,  OR 

A x  = distance between thermocouples,  f t  

f ( s )  t net  r ad ia l  hea t  exchanged resul t ing f r o m  guard-specimen 
t empera tu re  misma tch  and possible radiant  hea t  exchange, Btu hr" 

g ' (m)  I net  heat  evolved o r  absorbed  resu l t ing  f r o m  non-steady s ta te ,  Btu hr". 

A t  t h e r m a l  equilibrium the the rma l  conductivity is defined by 

QAX 
AAT 

k r  I 

where  

Q = m e a s u r e d  value of heat flow (B tu /h r )  = Qo * f(s)  g ' (m).  

The  method has  been constructively c r i t i c ized  in the l i t e ra ture .  Bidwell ' s (  5, ea r ly  
c r i t i c i s m  is answered  by proper  guarding and  the comparat ive s tandard  method of mea-  
sur ing  hea t  f lows. 
between the r e fe rence  m a t e r i a l  and the unknown. 
shows that even for  the much m o r e  difficult task of guarding a n  absolute specimen-input 

More recent ly ,  Laubitz(6) examined the l imi t s  on the difference 
The work of Watson and Robinson(3) 
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hea ter ,  c i rcumvented by the comparat ive method, the r ad ia l  hea t  exchange before  
co r rec t ions  was  of the o rde r  of only 5 p e r  cent. 

The  apparatus  employed in the measu remen t s  is a proven piece of equipment and 
h a s  been in  sat isfactory use f o r  s eve ra l  yea r s .  Experience has  es tabl ished that the 
re la t ive  e r r o r  between d i f fe ren t  m e a s u r e m e n t s  per formed in the appara tus  does not 
exceed f 2 p e r  cent. 
the s a m e  reference  ma te r i a l .  
es t imated  not to exceed f 5 per  cent,  the chief uncertainty being the absolute  the rma l  
conductivity of the re ference  ma te r i a l .  

This  i s  cons idered  to be the appara tus  reproducibil i ty when using 
The absolute e r r o r  of the thermal-conductivity values  is 

A detailed e r r o r  ana lys i s  is given in Appendix A. 

The  measur ing  method was  designed for  thermal-conductivity m e a s u r e m e n t s  and 
not e lectr ical-resis t ivi ty  measu remen t s ,  and although components of the e l ec t r i ca l  mea-  
sur ing  sys t em a r e  a l l  of high accuracy ,  the total  e r r o r  in e lec t r ica l - res i s t iv i ty  mea- 
su remen t s  is es t imated not to exceed * 2 p e r  cent. This  somewhat l a rge  e r r o r  resr i l ts  
f r o m  the tempera ture  gradients  in the appara tus  and the small potential  d rops  resu l t ing  
f rom the relat ively la rge  c r o s s  sect ion of the thermal-conductivity specimen.  

RESULTS 

Table  2 gives observed grouped thermal-conductivity and e lec t r ica l - res i s t iv i ty  
values.  The s tandard deviation is included to i l lus t ra te  the sca t t e r  in  the data  a t  each  
tempera ture .  
in Appendix B. 
conductivity values a t  the selected t empera tu res .  The reduction in the number  of points 
was  made  by moving each observed  point along the curve  to a convenient nearby  se lec ted  
tempera ture .  This  w a s  done using the slope of the data  evaluated n e a r  that  point and the 
difference in tempera ture  between the se lec ted  point and the exper imenta l  point. 
adjustment  may be viewed as  being based on the l inear  t e r m  of the Taylor  s e r i e s  expan- 
sion of the conductivity data about the selected tempera ture .  
small, this  f i r s t  t e rm i s  adequate.  This  adjustment  br ings all the exper imenta l  points 
to a reduced number of tempera ture  points a t  which an ave rage  value can  be calculated 
and  a n  e s t ima te  made of the s tandard  deviations,  which is the m e a s u r e  of the sca t t e r  of 
the data  about the average and a m e a s u r e  of in te rna l  consistency. 
m e n s  reproduced  well a t  lower t empera tu res  a f te r  the spec imens  had been to the highest  
t empera tu res ,  indicating that no i r r e v e r s i b l e  property change had taken place.  
data  a t  lower tempera tures  a r e  given a s  Equi l ibr ium 6, in Tables  B-1 and  B-2 in Appen- 
dix B. 
both specimens.  
average .  

These data  a r e  a reduction of the individual observed  points that  a r e  given 
This reduction of data a l lows a d i r ec t  compar ison  between spec imen 

The  

Since the adjustment  is 

The data  for  both speci-  

These  

The data  a t  low t empera tu res ,  f r o m  0 to about 800 F, a r e  essent ia l ly  the s a m e  for  
Of a total  of about 4.2 points, none a r e  beyond f 1. 5 p e r  cent  f r o m  the 

To analytically expres s  the thermal-conductivity data, they w e r e  f i t ted with two 
curves .  A curve  of the form 

O < T < 8 0 0 F  ( 3 )  - -  k P ATB 

was  used below the inflection point. 
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A s t ra ight  line 

F o r  the tempera ture  range f r o m  800 to 1800 F, a n  ana lys i s  using Equation (4) 
yielded 

I C t 4. 553 f 5.62( 

k - C t D T  

w a s  used above the inflection point, where  

8 

800 < T < 1800 - -  

k = thermal  conductivity, Btu h r - l  f t -2  f t  OR 

T r: absolute tempera ture ,  OR. 

All the individual points f r o m  both spec imens  given in  Appendix B w e r e  used to f i t  
Equations (3) and (4). 

In the tempera ture  range f r o m  0 to 800 F, leas t - squares  f i t  yielded the following 
constants  for  Equation (3): 

A = 0.52048 f 0.0188 

B m 0.43367 f 0.0096 

and with a standard e r r o r  of the curve ,  which is the m e a s u r e  of the sca t t e r  of the ob- 
s e r v e d  data  about the fitted curve,  of 0. 14 based on 38 degrees  of freedom. 

Based  on these e r r o r s ,  the l a r g e s t  observed  deviation f r o m  the curve,  which is 
given in  Table 3 at  750 F for  Specimen 4A, occur s  about 1 in 20 t imes  and is cons idered  
significant. (7) None of the other  deviations a r e  significant, 

D P 5. 507( 10-3) f 1.88( lom5)  , 
with a s tandard  e r r o r  of the cu rve  of 0 .25 based on 18 degrees  of f reedom. 

The  data  f o r  each spec imen c r o s s  a t  about 950 F. Hence, both spec imens  have 
essent ia l ly  the same absolute value of t he rma l  conductivity over  the t empera tu re  range.  
However,  the slope of the bes t  curve  visually fi t ted through the two s e t s  of data  d i f f e r s  
slightly, and the data w e r e  examined fo r  the possibil i ty that  the two spec imens  might  
have different slopes. 
t ive number  of points and their  s tandard  e r r o r s ,  and  it is not significant. 

The difference found is  expected 1 out of 10 t imes  for  the r e spec -  

The  individual points and the grouped observed  points a r e  plotted in  F i g u r e s  2 and 
The analytical  variations between Equations (3) and (4) a r e  a l so  included in the f igu res .  3.  

An inflection in the thermal  conduct ivi ty-versus- temperature  curve  is c l ea r ly  s.hown in 
the vicinity of 800 F f o r  both specimens.  

A plot of the electr ical-resis t ivi ty  data  fo r  both spec imens  is given in F igu re  4. 

This  is not surpr is ing in  view of the small change expected. 
The data  do not show the inflection that i s  readi ly  obse rved  in the thermal-conductivity 
data.  The  method and 
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FIGURE 4. ELECTRICAL RESISTIVITY O F  TYPE 316 STAINLESS STEEL, 
SPECIMENS 3A AND 4A 
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appara tus  was  designed for  thermal-conductivity measu remen t s ,  and  the e l ec t r i ca l  
m e a s u r e m e n t s  a r e  valuable, incidental  data ,  readi ly  obtained. 
of the e l ec t r i ca l  measurements  is too low to contribute to the question of the inflection, 
but on the whole, they add information on the ma te r i a l .  

As  a r e su l t ,  the prec is ion  

Table  3 gives, a t  selected t empera tu res ,  interpolated thermal-conductivity values  
calculated f r o m  the above express ions  and a l so  gives  comparat ive data  f r o m  other  
invest igators .  
cu rve  visually fitted to the observed  res i s t iv i ty  data .  

Included in  the table a r e  e lec t r ica l - res i s t iv i ty  values  r e a d  f r o m  a smooth 

TABLE 3. INTERPOLATED THERMAL CONDUCTIVITY, LITERATURE 
VALUES, AND ELECTRICAL RESISTIVITY O F  TYPE 316 
STAINLESS STEEL 

~ 

E l e c t r i c a l  Resis t ivi ty ,  
Tempera tu re ,  T h e r m a l  Conductivity, Btu h r -  1ft'2ft O F - '  m i c r  ohm-cm 

F Presen t  Work Bat te l le(a)  Armour (b ,  ') P r e s e n t  Work 

0 7 .4  - -  - -  74 
200 8. 7 8 .3  8. 3 82 

I 400 9. 8 9 . 2  9 . 3  90 
600 10.7 10.0 9 .9  97 
750 11.3 - -  - -  102 
800 11.5 11.0 10.2 103 
850 11. 8 - -  - -  104 

1000 12. 6 11.8 11.2 108 
1200 13. 7 12.6 12.2 112 
1400 14. 8 13 .4  13.3 115 
1600 15. 9 14. 3 14. 3 117 
1800 17. 0 - -  15. 3 120 

(a) Reference (8). 
(b) Reference (9). 
( c )  Values read from a smooth curve d r a m  through data. 

The thermal-conductivity values m e a s u r e d  during the r e s e n t  work a r e  6 to 11 p e r  
cent  higher than the values  previously r epor t ed  by Bat te l le .  Th i s  m a y  re f lec t  com- 
posit ional differences o r  may  r e su l t  f r o m  s t ruc tu ra l  d i f fe rences ,  s ince the rma l  conduc- 
tivity is a structure-dependent property,  resu l t ing  f r o m  changes in the s ta te  of the a r t  of 
producing this alloy. T h e r e  is no explanation f o r  this  behavior on the bas i s  of these data  
a lone.  

At about 800 F there  is a n  inflection in the previous Bat te l le-observed thermal -  
The s a m e  inflection can a l s o  be observed  in  the A r m ~ u r ( ~ )  data .  conductivity(8) data.  

Severa l  subtle mctallrirgical  changes take place in s t a in l e s s  s t ee l s  beginning a t  about 
800 F .  
i l lus t ra ted  in the enthalpy data  of Douglas and Devers .  ( l o )  Seve ra l  t rans i t ion  phases  
have been identified in some of these m a t e r i a l s ,  as  wel l  as  the "K" s ta te  in nickel-  
chromium mate r i a l s .  ( '  ')  These  a r e  in  addition to r egu la r  meta l lurg ica l  changes such as  
carbide formation and solution. 

They have been observed  in s e v e r a l  o ther  m e a s u r e d  p rope r t i e s ,  and a r e  c l ea r ly  

Essent ia l ly  pure  i ron  shows a subtle change a t  about 

B A T T E L L €  M E M O R I A L  I N S T I T U T E  
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820 F . (12 ,  13) Since all these  elements  a r e  in  the alloy, the inflection point in the 
thermal-conductivity values of the specimens a t  800 F is thought to be r e a l  and to have 
resu l ted  f r o m  any of the mechanisms listed above. 

In view of the significant difference of the point a t  750 F, which occur s  only 1 t ime 
out of 20, and the inflection in the data a t  800 F, with no significant difference e l sewhere ,  
it is concluded that the chemical  differences between the spec imens  apparent ly  affect  the 
the rma l  conductivity only nea r  800 F. 

DISCUSSION 

Wiedemann-Franz-Lor enz  Relationship 

The Wiedemann-Franz-Lorenz relationship is a cor re la t ion  that ex is t s  between 
t h e r m a l  conductivity and  e lec t r ica l  res is t ivi ty .  I t  is recognized that c a r r i e r s  of e lec t r i -  
cal c u r r e n t  a l so  t r anspor t  heat. This  is theoretical1 
mental ly  ver i f ied  f o r  many m e t a l  sys tems.  (15, 16, l7Y In conformity with the usual prac-  
t i ce  in che i iceracure,  iheae data. Z i - e  p ~ c z c ~ t c 2  i- *V=!!-~K Irnitq. 

exp res sed  as 

sound(14) and has  been experi-  

The re lat ionship is 

kP L t -  T 9 (5) 

where  

L I Lorenz  ra t io ,  which has  the theoret ical  value 
2. 45(10'8) watt-ohm OC-l OK 

k I t he rma l  conductivity, watt  cm'2 crnoC'l 

p = e lec t r i ca l  res i s t iv i ty ,  ohm-cm 

T = absolute tempera ture ,  OK. 

F i g u r e  5 shows the observed  thermal  conductivity of Specimens 3A and 4A plotted 
aga ins t  the ra t io  of the absolute tempera ture  to the observed  e l ec t r i ca l  res is t ivi ty .  
data  suggest  that  l i nea r  functions of the form 

The 

P 

having the cor re la t ion  var iable  T /p ,  be used to f i t  the points. 
to both sec t ions  of the experimental  data. 
and  shows c lose  ag reemen t  between L, above, and the constant A in Equation (6). 

These  functions were  fi t ted 
Table  4 p re sen t s  r e su l t s  of the computations 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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TABLE 4. CONSTANTS FOR EQUATION 6 

T Constant Constant Standard Deviation, thermal -  
P A, x lo8 B conductivity units Range of - x l o d 6  

3.60 to 7. 16 
7. 16 to 10. 02 

2.056 0.0592 
2 . 6 6 0  0.0160 

0 .0024  
0.0044 

Also included in F igu re  5 is the theoret ical  re la t ionship based  on Equation (5)  and 
values r epor t ed  by Powell(2o) for  a number of austenit ic alloys.  The agreement  with 
Powell ' s  data  is good and, on re-examination, a break can a l so  be seen  in  h is  data  a t  
about the s a m e  region that the break  o c c u r s  i n  F igu re  5. 

Composition Corre la t ion  

Another correlat ion can be made  with the experimental  data  based on composition. 
F igu re  6 shows the var ia t ion of t he rma l  conductivity with alloy content in the i ron  sys -  
tem for  tempera tures  of 1800 F, 800 F, and 200 F. As  a rule,  sma l l  additions to pure  
i ron  cause a rapid dec rease  of the conductivity with composition which soon sa tu ra t e s  
out, and the conductivity, a t  a high alloy content, becomes essent ia l ly  independent of 
small var ia t ions.  
support  this  rule .  
the 1800 F data. 
a t  1800 F by the same laboratory,  with the s a m e  appara tus ,  the s ta in less  s t ee l  is found 
to have a slightly lower thermal-conductivity value thus s t i l l  conforming to the ru l e .  
Although the absolute values differ,  Armour (9 )  found a difference of 9 pe r  cent  between 
A r m c o  i ron  and Type 316 s ta in less  s teel ,  and Battelle(18) found a difference of 7 pe r  cent. 

The data  f rom the spec imens  tes ted here in  ( squa re  symbols)  tend to 
On the basis  of l i t e r a tu re  values  this ru l e  does not s e e m  to hold f o r  

However, where both Armco  and  s ta in less  s t ee l  have been m e a s u r e d  

L i t e ra tu re  Comr>arison 

F i g u r e  7 gives a plot of t he rma l  conductivity v e r s u s  t empera tu re  fo r  the Type 316 
s ta in less  s t ee l s  and a few re la ted  al loys.  
lower t empera tu res  with the m o r e  recent  data  on high-alloy s tee ls .  

The p resen t  work is in  good ag reemen t  a t  

Of considerable in t e re s t  is the behavior of the austeni t ic  a l loy a t  the highest  tem- 
p e r a t u r e s  reached,  par t icular ly  when cont ras ted  with i ron,  which is  a l so  austeni t ic  
above 1670 F. 
conductivity standard.  
of the bes t  l i t e ra ture  values given a t  lower t empera tu res  for  s ta in less  s t ee l  would yield 
conductivity values  that would be higher than some values  r epor t ed  for  pu re  i ron.  
f igure a l so  shows that there  is considerable  d isagreement  on the slope of the the rma l  
conductivity of austenite.  Based  on the values  der ived  in  the p re sen t  study for  the slope 
of austenit ic s ta inless  s tee l  and the m o s t  r ecen t  determinat ions on A r m c o  i ron,  the best  
value fo r  the slope of austenit ic i ron  appea r s  to b e  about 4.0 x loe3  Btu u n i t s / " F .  

J M / s e l  

Much work has  been done on A r m c o  i ron ,  which is  used as  a thermal -  
F igure  7 suggests  that  an  extrapolation to higher t empera tu res  

The 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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APPENDIX A 

ANALYSIS OF ERRORS 

The relative e r r o r  i n  the thermal  conductivity, k ,  due to fluctuations in the 
var ious f a c t o r s  i n  the method and apparatus ,  m a y  be evaluated i n  two steps.  
e r r o r  in the hea t  flow through the specimen, 0, m a y  be evaluated through use of 
Equation (1).  The use of Equation ( 1 )  assumes  real is t ical ly  that  the net radial-heat  
l o s ses  and the hea t  effect of the tempera ture  dr i f t  a r e  reflected ent i re ly  in the mea-  
su remen t  of Q. 
be evaluated using the definitive Equation ( 2 ) .  

F i r s t ,  the 

Then, second, the total  relative e r r o r  in the the rma l  conductivity m a y  

Equation ( 1 )  m a y  be rewr i t ten  a s  

AT 0 = Qo - f ( s )  - g ' ( m )  = kA- 
Ax ' (A-1) 

where 0 = the m e a s u r e d  heat  flow through the re ference  ma te r i a l ,  Qo = the t r u e  hea t  
flow, and the remaining t e r m s  have meanings a s  defined for  Equation (1) .  

Experience under var ious guarding conditions and with varying degrees  of tem- 
pe ra tu re  dr i f t  has  yielded e s t ima tes  for  the var ia t ion in  0, of 0. 8 and 0. 3 p e r  cent 
resul t ing f rom f (  s )  and g ' (m) ,  respectively. 

The determinable  e r r o r  in 0 m a y  be wri t ten(20)  a s  

where EQ is the fract ional  uncertainty in 0, ~i is the fract ional  uncertainty in the i th 
t e r m  i n  the right-hand side of Equation A- 1, and the remaining t e r m s  have meanings 
a s  defined for  Equation (1). 
of the t e r m s  a r e  additive. 

The equation says  that  the squares  of the relat ive e r r o r s  

The bes t  es t imate  of the relat ive e r r o r  i s  then given by 

E = [I (ci>, 11" > (A- 3)  

which is the root  mean  square  e r r o r  and ci  is, again,  the relat ive mean  e r r o r  of the 
var ious  t e r m s  enter ing the definitive equations. 

The relat ive e r r o r s ,  a s  given in the following tables ,  and indicated by the use  of 
s igma f o r  the var ious f ac to r s  enter ing the equations,  have a somewhat wider in te rpre-  

. The values used a r e  based on the average values ( A i )  tation than the relat ive e r r o r ,  - 
of these  e r r o r s  observed in many conductivity measurements .  
niques used  to  m e a s u r e  the f ac to r s ,  and the i r  magnitudes point out a r e a s  fo r  improving 
the measu remen t s .  
affect  the m e a s u r e d  hea t  flow, 0,  measured  by the re ference  mater ia l .  

1 

They r e f l ec t  the tech- 

Table A-1 gives the relat ive e r r o r s  f o r  the var ious t e r m s  which 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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TABLE A-1. RELATIVE ERRORS, F O R  ESTIMATING €0 

Source of E r r o r  k( a)  A AT Ax 

Relative E r r o r ,  ci, 0 0. 2 1.0 0. 5 
per  cent  

(a) Thermal conductivity of the  reference material. 

Equation (A-2) and the values given in Table A-1, coupled with the e a r l i e r  es t i -  
ma tes  fo r  the effects of unbalance and dr i f t ,  through the use  of Equation (A-3)  lead to 
an  e s t ima te  fo r  the relat ive e r r o r  of 0 of * 1.4  p e r  cent. 

Table A-2 gives the relat ive e r r o r s  used to  e s t ima te  the total  e r r o r  in  the mea-  
su red  specimen thermal  conductivity using the e r r o r  of 0 as eva!uated above. 

TABLE A-2. RELATIVE ERRORS, FOR ESTIMATING Ek 

Source of E r r o r  Q A X  A AT 

Relative E r r o r ,  ~ i ,  1 .4  0. 5 0. 2 1 .0  
per  cent  

Equation (A-3) leads  to the e s t ima te  ck = *1. 8 p e r  cent ,  which is  the relat ive e r r o r  
using the same reference mater ia l .  This  assumes that the conductivity of the re ference  
ma te r i a l  i s  known with cer ta in ty ;  hence,  it i s  the reproducibi l i ty  of the appara tus  and is  
considered to be * l .  8 p e r  cent  with a given re ference  mater ia l .  

The absolute e r r o r  of the m e a s u r e m e n t s  is  es t imated  by allowing * l .  5 p e r  cent  
fo r  the possible  e r r o r  in Conductivity of the A r m c o  i ron  used as the re ference  ma te r i a l ,  
a reasonable  value for the low t empera tu res  where i t  was employed. 
(A- 3 )  yields approximately,  ck = *2.4 for  the spec imen,  which is the root-mean-square 
e r r o r .  If we take *1.96 Ek as the e r r o r  band fo r  the absolute e r r o r ,  then 95  p e r  cent  of 
t ime the method would yield values within this  band. 
100, on the average ,  would the method and appara tus  yield a value,  by chance,  which 
deviates  by more than *5 p e r  cent  f r o m  the t rue  value. 

Then Equation 

That  is  to say  only 5 t imes  out of 

B A T T E L L E  M E M O R I A L  I N S T I T U T E  
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RESISTIVITY DATA FOR T Y P E  316 STAINLESS STEEL 
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APPENDIX B 

EXPERIMENTAL THERMAL- CONDUCTIVITY AND ELECTRICAL- 
RESISTIVITY DATA FOR TYPE 316 STAINLESS STEEL 

Table  B- 1 gives experimental  thermal- conductivity and e lec t r ica l -  r e s i s t i v i ty  data  
f o r  Type 316 s ta in less  s t ee l ,  Specimen 3A. 
The var ious thermal  equi l ibr ia  for  each specimen a r e  numbered in chronological o rde r .  

Table B-2 gives data  for  Specimen 4A. 
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